Little is known about the genetics or genomics of Panax ginseng. In this study, we developed 70 expressed sequence tagderived polymorphic simple sequence repeat markers by trials of 140 primer pairs. All of the 70 markers showed reproducible polymorphism among four Panax species and 19 of them were polymorphic in six P. ginseng cultivars. These markers segregated 1:2:1 manner of Mendelian inheritance in an F 2 population of a cross between two P. ginseng cultivars, 'Yunpoong' and 'Chunpoong', indicating that these are reproducible and inheritable mappable markers. A phylogenetic analysis using the genotype data showed three distinctive groups: a P. ginseng-P. japonicus clade, P. notoginseng and P. quinquefolius, with similarity coefficients of 0.70. P. japonicus was intermingled with P. ginseng cultivars, indicating that both species have similar genetic backgrounds. P. ginseng cultivars were subdivided into three minor groups: an independent cultivar 'Chunpoong', a subgroup with three accessions including two cultivars, 'Gumpoong' and 'Yunpoong' and one landrace 'Hwangsook' and another subgroup with two accessions including one cultivar, 'Gopoong' and one landrace 'Jakyung'. Each primer pair produced 1 to 4 bands, indicating that the ginseng genome has a highly replicated paleopolyploid genome structure.
INTRODUCTION
Korean ginseng (Panax ginseng Meyer) is an important medicinal herb belonging to the family Araliaceae. Ginseng has been used as oriental medicine for thousands of years [1] . The major components showing pharmacological effects are the ginsenosides, which are known for their beneficial properties to the central nervous system, cardiovascular, endocrine and immune systems [2] .
In 'Gumpoong', 'Gopoong', 'Sunpoong', 'Sunwon', 'Sunone' and 'Chungsun', have been bred by pure line selection and have been registered as commercial varieties since 1997 in Korea [4] . Even though the new varieties show better yields and qualities compared to that of the local landrace which is a native mixed line [3, 4] , they are being cultivated in less than 10% of the total ginseng cultivation fields because of the lack of well-organized seed production and supplying system. Stable seed supply systems with credible authentication method for each ginseng cultivar will promote high quality ginseng production via improvement of the ginseng breeding and seed industry. Molecular breeding tools using DNA markers may be an alternative and indispensable way for ginseng improvement because marker assisted selection can reduce efforts and time for breeding. However, very limited numbers of DNA markers were also reported for ginseng. Random DNA markers such as random amplified polymorphic DNA [5] [6] [7] and amplified fragment length polymorphism (AFLP) [8] are used to study the diversities of local ginseng collections. However, these random primer-based markers could not be shared by common. Approximately, 60 of simple sequence repeat (SSR) markers have been produced from SSR-enriched libraries [9, 10] and from bacterial artificial chromosome (BAC) end sequences [11] and are studied to determine the genetic diversity of ginseng collections. All of these SSR markers were derived from genomic sequences and these were not intensively studied between ginseng cultivars. Even though several papers described ginseng expressed sequence tags (ESTs) [12] [13] [14] [15] , there have been no reports on development of EST-derived SSR markers and their utilization in ginseng.
ESTs providing comprehensive transcript information [16] are valuable resources for development of molecular markers because they are derived from relatively conserved genic regions. EST-derived SSRs are also more advantageous than genomic SSRs because of the rich public availability of EST sequences and their high transferability to related species [17] . Thus, we are going to develop large number of EST sequence-derived SSR markers and construct a high resolution genetic map which can be utilized as a frame for genome sequencing. In this study, we tried to develop reproducible ESTderived SSR markers which can be applied for mapping and assessing a genetic similarity between registered commercial inbred varieties. And we estimated a polyploidy level of ginseng genome based on numbers of gene-based polymerase chain reaction (PCR) products.
MATERIALS AND METHODS

Plant materials and DNA extraction
Six P. ginseng accessions, four registered cultivars, 'Chunpoong', 'Yunpoong', 'Gumpoong' and 'Gopoong', bred by inbred line selection in Korea Ginseng Corporation (KGC) Natural Resources Research Institute (Daejeon, Korea), and two representative local landraces, 'Jakyung', mixed lines with red fruits, and 'Hwangsook', mixed lines with yellow fruits, and three related Panax species, P. quinquefolius originated in the USA, P. japonicus originated in Japan, and P. notoginseng originated in China, were included in the determination of genetic diversity. DNA pools derived from more than 15 individuals were used to represent each cultivar and landrace of P. ginseng. The DNA pool consisted of a mixture of the same amount of template DNA from 15 individuals of each cultivar and landrace of P. ginseng and from five individuals of P. quinquefolius. However, single individual DNA was used to represent P. japonicus and P. notoginseng because of limited materials. An F 2 population that consisted of 51 individuals from a cross between 'Yunpoong' and 'Chunpoong' was used to determine the inheritability and reproducibility of the newly developed markers. All leaf samples were kindly provided from KGC Central Research Institute. Total DNA was extracted using the modified cetyltrimethylammonium bromide method [18] . DNA concentrations were measured using ND-1000 (NanoDrop Technologies Inc., Wilmington, DE, USA).
Construction of the ginseng expressed sequence tag database and repeat motif screening
A ginseng EST database was constructed by collecting sequences from public databases. After removal of poly-A tails using PanGEA [19] , repeat-oriented sequences and SSR motif-containing sequences were characterized from the raw EST database using RepeatMasker ver. 3.2.6 (http://www.repeatmasker.org) which was downloaded and installed on the local computer. In the screening process, a default mode with a "-poly" option was used to select genuine SSR motifs.
Designing primers
We extracted ESTs which contained 3-6 copies of SSR motifs using Tandem Repeat Finder [20] . Primer pairs were designed from the flanking sequences of SSR motifs (Table 1 ) with 18 to 27 bp nucleotides using the Primer3 program (http://frodo.wi.mit.edu/primer3/). Product sizes ranged from 150 to 600 bp. Standalone BLAST executables (BLASTN 2.2.15, ftp://ncbi.nlm.
nih.gov/blast/executables) were used to avoid primer design in duplicate sequences. Various sources of SSR markers reported in the previous papers were designed and tested together [9, 10] .
Polymerase chain reaction and electrophoresis
PCR amplifications were performed in a 25 μL volume with 1 U Taq DNA polymerase (Vivagen, Seongnam, Korea) according to the manufacturer's protocol using a DNA Engine Thermal Cycler (Bio-rad, Hercules, CA, USA). Conditions for the PCR cycle were as follows: 5 min at 95°C for denaturation, 38 cycles of 10 s at 95°C, 30 s at T m°C , 20 s at 72°C, and 10 min at 72°C for final extension. PCR products were separated on 2% agarose gels and on 5% denaturing polyacrylamide gels or 9% non-denaturing polyacrylamide gels.
Data analysis
Blast2GO ver. 2.4.2 was used to annotate polymorphic ESTs with default parameters [21] . Analyses of developed marker data were conducted using PowerMarker ver. 3.25 software [22] . Allele frequency data were obtained as a binary matrix and were imported into NTSYSpc 2.11X (Exeter Software; Setauket, NY, USA) for phylogenetic analysis using Dice's coefficient [23] and the unweighted pair group method with the arithmetic mean [24] . Bootstrapping of the tree with 1,000 replications was generated in Winboot [25] .
RESULTS AND DISCUSSION
Simple sequence repeat motif in ginseng expressed sequence tag sequences A total of ca. Classification based on the nucleotide lengths of the repeat motifs showed that 51% of SSRs were composed of mono-nucleotide motifs, but mononucleotide repeat motifs showed poor success rates for PCR as well as polymorphism that may have derived from "stutter" artifacts in the PCR reaction [26] . When we ignored mononucleotide repeats, di-and tri-nucleotide repeats were the most abundant classes, including 46.4% and 30.1%, respectively. Similarly, di-nucleotide repeat motifs were also predominant in kiwifruit, spruce and coffee [27] [28] [29] . Meanwhile, tri-repeat motifs were most predominant in the EST-SSRs of grape, sugarcane, barley, wheat, maize, sorghum, rice, rye, oats, and flax [30] [31] [32] [33] [34] [35] [36] .
Assessment of homogeneities in ginseng landraces and registered cultivars
During development of DNA markers polymorphic between accessions, we found that DNA markers were not homogeneous among individuals in one local landrace accession or in the registered cultivars, as shown in Fig. 1 . The most popular landrace 'Jakyung' individuals showed up to six different genotypes among 15 individuals, even though all were derived from the same seed lot (Fig. 1A) . Meanwhile, one of the elite cultivars, 'Chunpoong', showed a relatively uniform genotype with two off-types among 20 individuals randomly selected from the same seed lot (Fig. 1B) . Screening with three markers developed in this study showed a relative range of heterogeneity of 10% to 30% in six accessions. Also, we found that previously reported polymorphic ginseng markers were not reproducible in our trial [9, 10, 31] . This may be due to the heterogeneity of the ginseng population because they used an individual plant DNA for representative of each accession. Approximately 56% of AFLP bands showed polymorphism among wild P. ginseng individuals in Russian Primorye area and population structure study clearly differentiated their phylogenetic relationships based on frequencies of individual alleles [37] . Similarly, more divergence detected in wild P. quinquefolius than the cultivated [38] that might be derived by possible out-crossing events even though the plants prefer self-fertilization [39] . And cultivated P. notoginseng population remained fair level of biodiversity, ranged 74% to 39% of divergence depends on location in China [40] . Our result showed abundant genetic diversity even in cultivating P. ginseng landraces (Fig. 1A ) that might be derived from bulked seed harvesting from genetically unfixed lines and also from temporal out-crossing [39] . Meanwhile, eight elite cultivars were bred by pure line selection even though each showed approximately 10% of off-type allele. Therefore, we considered that utilization of a DNA pool from many individuals will be credible to identify more reproducible markers than using a single plant for representing each Korean ginseng cultivar even though the method can ignore many rare alleles. We concluded to use a DNA pool derived from 15 individual plants to represent each Korean ginseng cultivar because our purpose is development of markers which can be a general representative for each elite cultivar (Fig. 1B) .
Development of simple sequence repeat markers and their transferability to related species
We designed a total of 140 primer pairs amplifying 111 SSR motifs and 29 degenerated SSR motifs (Table  1) . Among them, 119 pairs produced bands of which 105 were the same as the expected sizes and 16 were larger than the expected. And 21 primers produced no clear PCR product. The PCR failure rate was 15% for the 140 trials of EST-SSR primers, which is in the 10% to 40% range reported in previous EST-SSR analyses for other species [27, 30, 31, 35, [41] [42] [43] [44] . Seventy pairs, correspond- ing to 58.8% of the successful PCR primers, showed polymorphism for at least one of nine accessions including six P. ginseng accessions and three related species. Polymorphisms were mainly restricted to interspecies, and only 19 of 70 SSRs showed polymorphism between P. ginseng cultivars as well as between Panax species and were named ginseng EST-SSR (GES) ( Fig. 2A, B ; Tables 1 and 2 ). The other 51 markers were polymorphic only among Panax species. Among those, 43 were derived from intact SSR regions and were named Panax EST-SSR ( Fig. 2C, D ; Tables 1 and 2 ). Eight were derived from degenerated SSR regions and were named Panax EST (Tables 1 and 2 ). BLASTX analysis revealed that 51 of 70 polymorphic ESTs showed significant hits and 19 did not have any matches with the known proteins. Among the significant 51 hits, 22 showed best hits with genes in Vitis vinifera ( Table 2) .
The mean level of polymorphism was 20% at the species level that is similar to those of previous EST-SSR studies in other species [30, 35, [45] [46] [47] [48] . The level of polymorphism in EST-SSR is lower than that of genomic SSR primers because the transcribed regions are more conserved than the non-coding regions [17, 29, 34, [49] [50] [51] [52] . Our gene-based SSR markers showed comparable levels of polymorphisms to those of the genomic SSR markers for distinguishing P. ginseng accessions. Only 22 of http://ginsengres.org of 31 BAC end sequence-derived genomic SSR primers (38.7%) were polymorphic among P. ginseng accessions [11, 53] . Even though not all of the nucleotide repeat units were surveyed by PCR, our trials showed that big differences in the rates of successful PCR and the appearances of polymorphisms depended on the repeat unit length. SSRs with penta-and tri-nucleotide repeat motifs showed the highest degrees of PCR success and polymorphism detection between Panax species. SSRs having a dinucleotide motif showed the highest polymorphism rates among the ginseng cultivars. Meanwhile, SSRs derived from mono-nucleotide polymers were not optimal for PCR amplification or polymorphism detection (Table 1) .
Transferability among related species is considered the most important feature for EST-SSR markers that help to produce conserved orthologous markers and thus be applicable to related species which have little genomic information [17] . In this study, primers designed from P. ginseng ESTs were successfully used in the related species of P. japonicus, P. quinquefolius and P. notoginseng with 100%, 97.1%, and 75.7% transferabilities, respectively, that is similar to the previous studies shown 100% transferability between P. ginseng and P. quinquefolius [9, 11] .
Number of bands and estimation of the polyploidy level in Panax ginseng
Recent progress in the field of genomics has uncovered highly replicated polyploidy levels in most of the plant genome [54, 55] . The P. ginseng genome is considered as tetraploid because of the chromosome number variations, 12 vs. 24 pairs [56] . However, there has been no molecular evidence to determine their ploidy level or to identify a polyploidization event in the Panax species. Polyploidy levels were previously studied in the olive complex (Olea europaea) based on the band numbers of highly polymorphic SSR markers [57] . Various allele numbers were detected in various subspecies, and maximums of four and six alleles were detected in tetra-and hexaploid subspecies, respectively, that were consistent with those of the flow cytometry analyses.
To estimate copy numbers of homologous genes and thus assume the polyploidy level, we counted the number of bands around the expected size in four relatively homogeneous inbred cultivars by assuming that different bands may have been derived from recently duplicated paralogous genes. Electrophoresis of the PCR products revealed various band patterns around the expected sizes. Out of the 119 successful SSR primer pairs, only 17 pairs yielded one specific target band, as shown in Fig. 2C , and 49, 22, and 10 pairs produced two, three, and four bands, respectively (Table 2 and Fig. 2) . The other 21 pairs yielded unspecific faint bands. Overall, the data indicate that over 85% of the genes remained as duplicate genes with one to three extra paralogous gene copies, thus indicating that ginseng has a highly replicated polyploidy level which may range from a tetra-to octa-paleoploidy genome. These results are similar to or greater than the polyploidy level suggested to be a natural tetraploid [56, 58] .
Different band numbers were detected in two landrace accessions because of their heterogeneity among individuals, as shown in Fig. 1A . One major polymorphic band was detected in four ginseng cultivars, but two clear bands were observed in two landraces, Hwangsook (2) and Jakyung (6), presumed to be derived from different alleles in two groups of individuals in the landraces because we used a DNA pool derived from 15 individual plants (Fig. 2B) . Differences in band numbers were also detected in different species, such as in lane 7 in Fig. 2B and lane 8 in Fig. 2C , that may have been derived from a difference in gene copy numbers. One clear band was amplified in most accessions, but two bands were produced in a single P. japonicus plant and a P. quinquefolius DNA pool derived from five individuals, indicating that the species are heterozygous allele or included an extra paralogous gene.
Phylogenetic analysis of ginseng cultivars and related species
Because most amplicons showed multi-band profiles, genotyping was limited only to the major bands which appeared around the expected size. Variations in amplicon sizes were manipulated as unweighted and independent characteristics. Major allele frequencies were in the range of 0.2222 to 0.8889, with an average of 0.6810. The number of alleles was in the range of two to seven, with an average of 3.3143. Gene diversity and polymorphism information content ranged from 0.1975 to 0.8395 (average, 0.4568) and 0.1780 to 0.8194 (average, 0.4176), respectively ( Table 2) .
A phylogenetic analysis of the nine accessions was conducted using 215 allelic data points produced from 70 markers. Three clades were separated at similarity coefficients of 0.7: P. ginseng-P. japonicus clades, P. notoginseng and P. quinquefolius (Table 3 and Fig. 3 ). It is The biased data might be derived from genotype scoring method because only band appearance was counted and non-amplification was treated as missing. Sequence level analyses will clearly show the phylogenetic relationships of the species such as several studies based on conserved DNA sequences such as internal transcribed spacer sequences [59] [60] [61] [62] and chloroplast DNA [60, 63, 64] .
Reproducibility and utility of the markers
Most of the markers reported in the ginseng genome were limited to identification of individuals instead of authentication of cultivars or accessions because of the difficulty of genetic studies and the limited utility of pure inbred lines. Therefore, no inheritance study has yet been reported in ginseng. Our purpose was to develop stable and reproducible polymorphic markers which can discriminate elite cultivars and can be used for genetic mapping. Therefore, we have selected polymorphic markers between DNA pools of 15 individual plants for representing each accession to identify major polymorphic markers by overcoming the heterogeneity. Furthermore, to determine stable and reproducible inheritance of the markers, we analyzed seven of the GES markers against 51 F 2 individuals resulting from a cross between 'Yunpoong' and 'Chunpoong' which were most diverse elite ginseng cultivars (Fig. 4) . All the markers segregated with a good fit to the Mendelian 1:2:1 ratio for the genotype of Yunpoong homozygote:heterozygote:Chunpoo ng homozygote (Table 4 and Fig. 4 ) indicating that these inheritable and reproducible markers can be utilized for discrimination of each cultivar and for mapping using the F 2 population.
There is no report on availability of segregating population in P. ginseng because of lack of pure inbred lines and genetic study. Both parental lines, 'Yunpoong' and 'Chunpoong', showed relatively high homogeneous genotypes with less than 10% of off-type alleles. Furthermore, both cultivars show distinct agricultural characteristics such as stem numbers, root shapes, disease durability and fruit colors. 'Yunpoong' is known as a best cultivar for high yield of roots with vigorous growth and 'Chunpoong' is known as a best cultivar for red ginseng processing [4] . We have identified 14 polymorphic markers between these two cultivars and seven of them showed clear mappable genotype scores for each F 2 individual. Recently, we had obtained a large scale transcriptome sequence data from both parental lines using Roche GS FLX Titanium platform and 50 Gbp of whole genome sequencing data from one of the parental line, 'Chunpoong', using Illumina Genome Analyzer II plat- Fig. 4 . Segregation of the polymorphic marker GES0019 in a F 2 population between Yunpoong and Chunpoong. polymerase chain reaction products were separated by non-denaturing polyacrylamide gel electrophoresis. Lanes and L indicate DNA ladder; 1, Yunpoong; 2, Chunpoong. F 2 population includes 51 F 2 individuals. Y, C, and H indicate genotype of each F 2 individual which is same with Yunpoong, Chunpoong, and Yunpoong/Chunpoong heterozygote, respectively. GES, ginseng expressed sequence tag-simple sequence repeat. form [65] . Application of fast evolving next generation sequencing technology and the utility of the mapping population may promise acceleration of high density genetic mapping and complete genome sequencing of the mysterious medicinal plant, ginseng.
